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Abstract 
PdCu/C (XC-72) electrocatalyst was synthesized by a chemical reduction method using ethylene glycol as reaction media, 
polyvinylpyrrolidone as surfactant and sodium borohydride as reducing agent. Vulcan carbon XC-72 was employed as support 
and added through the PdCu synthesis procedure; further, Pd commercial (Pd/C, 20% ETEK) was used for comparison purposes. 
Physicochemical characterization consisted in XRD, XRF, EDS and TEM analyses. TEM micrographs showed the presence of 
semi-spherical nanoparticles with a particle distribution around 6 nm. X-ray diffraction patterns showed the typical face-centered 
cubic structure of Pd materials for commercial Pd and revealed a low crystallinity for PdCu/C. The XRF analysis showed a mass 
metal composition of 81% Pd and 19% Cu. EDS analysis was made to single particles exhibiting an average elemental 
composition of 92% Pd and 8% Cu. The electrocatalytic activity of PdCu/C and Pd/C was evaluated by cyclic voltammetry 
experiments toward ethylene glycol and glycerol oxidations using three concentrations (0.1, 1 and 3 M) and 0.3 M KOH as 
electrolyte. These experiments exhibited the superior performance of PdCu compared with commercial Pd by means of current 
densities associated to the electro-oxidation reactions where values at least 3-fold higher than Pd/C were found.  
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The principal aim for the synthesis of bimetallic electrocatalysts is related to decrease the noble metal load (i.e. 
Pd, Pt or Au) by using another less noble metal, mostly transitions metals. It has found that the secondary metal not 
only decreases the noble metal load but also enhances the electrocatalytic activity of bimetallic mixtures in terms of 
current density and tolerance to the carbon monoxide poisoning effect.2, 3 Transition metals, such as Ru, Cr, Co, Ni, 
Ag, Au and Cu, have been studied and used as non-noble metal in Pd-based materials, showing -all of them- 
improvements in the electrocatalytic activity.3-6 Cu is in particular one of the most desired secondary metals because 
of it is low cost and high availability; also, it has exhibited high activity in Pd-Cu electrocatalysts.7-10 Pd-Cu 
structures have attracted significant attention because they form weak metal–CO bonds, which is important to 
regenerate active sites during the electro-oxidation of small organic molecules.7 It has been proposed two 
mechanism in which the CO (adsorbed in the electrocatalyst active sites) could oxidize: one of them indicates that 
the secondary metal is involved supplying the oxygen atoms to form carbon dioxide. The second mechanism 
involves changes in bimetallic bind, wherein the electronic structure of the noble and non-noble metals is modified 
forming an alloy between both of them.1 In particular, for Pd-Cu bimetallic electrocatalysts, it is found that many 
researches have been focused on varying the synthesis method covering chemical aqueous methods and also 
electrochemical processes such as electrodeposition, and only a few investigations have been concerned on tuning 
the shape, size and distribution of supported bimetallic Pc-Cu materials. 3  
In this work, we report the synthesis, physicochemical and electrochemical characterization and the evaluation of 
a bimetallic PdCu/C electrocatalyst prepared using a typical chemical non-aqueous reduction method based on 
ethylene glycol as reaction media, polyvinylpyrrolidone as surfactant and sodium borohydride as reducing agent. 
This electrocatalyst was tested through cyclic voltammetry experiments toward the electro-oxidation of ethylene 
glycol and glycerol at three concentrations: 0.1, 1 and 3 M.  
2. Experimental 
2.1. Synthesis of PdCu electrocatalyst 
PdCu was synthesized by a previously reported chemical method,11 nevertheless some modifications were made. 
In brief, 0.1 g polyvinylpyrrolidone (PVP, wt. 40,000, Sigma-Aldrich) used as a surfactant was placed in a round-
bottom flask containing 10 mL ethylene glycol (J.T. Baker, 99.92%) as reaction media (CuSO4, NaBH4 and K2PdCl4 
were dissolved separately in 2 mL water before to be added to the ethylene glycol solution), and then the flask 
solution was heated to 80 °C. After reach this temperature, Cu salt (0.06 g CuSO4, reagent grade, Sigma-Aldrich) as 
Cu2+ ions source together with 0.250 g sodium borohydride (99.0%, Sigma-Aldrich) -employed as reducing agent- 
were added to the flask solution and then magnetically stirred for 30 min in order to reduce Cu ions and form Cu 
nanoparticles. After that, 0.028 g potassium tetrachloro palladate (II) as Pd2+ ions source (K2PdCl4, 99%, Aldrich) 
was added to the copper solution and it was magnetically stirred for 90 min to ensure a complete reaction. Vulcan 
XC-72 carbon support (CABOT) was then added to the solution, and stirring was continued for another 30 min. The 
solution was washed several times with deionized water and dried overnight. The composition between metal 
mixture/support was 40/60 % mass. 
2.2. Physicochemical characterization of PdCu electrocatalyst 
PdCu/C electrocatalyst was characterized by X-ray diffraction using a Bruker D8 Advance diffractometer 
operated at 30 mA and 30 kV. TEM micrographs were acquired using a high-resolution field emission transmission 
electron microscope (HR-FE-TEM) JEOL JEM-2200FS coupled with an energy-dispersive X-ray (EDX) analyzer. 
X-ray fluorescence measurements were performed with a Bruker S2PicoFox operated at 50 kV and 600 μA in order 
to determine the mass composition of PdCu/C. 
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2.3. Electrochemical characterization 
Cyclic voltammograms were collected in acidic and alkaline media to determine the electrochemical response of 
the commercial Pd/C and PdCu/C electrocatalysts. Electrochemical experiments were performed in a three-electrode 
electrochemical cell by using a BioLogic VSP Potentiostat. Glassy carbon electrodes (Basi®), Hg/Hg2SO4 saturated 
in K2SO4 and a graphite rod were used as the working, reference and counter electrodes, respectively. An 
electrocatalytic ink was prepared by mixing 7 μL of Nafion (5%wt ElectroChem®) and 75 μL of isopropanol per 
milligram of electrocatalyst, and incorporated to the glassy carbon electrode (Basi MF-2012, 3.0 mm Ø) by 
dropwise adsorption. The electrocatalytic activity of PdCu/C electrocatalyst was tested using the same cell 
configuration than that used for the electrochemical response. However, 0.3 M KOH (87%, J. T. Baker) was used as 
electrolyte. Ethylene glycol (99.92% J. T. Baker) and glycerol (99.0% Sigma-Aldrich) were used as anolyte (also 
denominated as “fuel” in energy conversion area) at three concentrations: 0.1, 1 and 3 M. 
3. Results and discussion 
3.1. Physicochemical characterization. 
The XRD patterns related to Pd/C and PdCu/C electrocatalysts are presented in Figure 1. Pd/C exhibited the 
characteristic face-centered cubic crystalline structure of Pd-based materials, where peaks located at 2θ= 41.1, 
46.68, 68.24, 82.14 and 86.66° corresponded to planes (111), (200), (220), (311) and (222), respectively (JCPDS 
Card #87-0638).12 PdCu/C showed poor crystallinity where only a small peak located at 41.16° was observed and 
attributed to the (111) crystallographic plane, this peak was slightly moved from the typical position of (111) Pd-
materials to the (111) Cu-materials, however the poor crystallinity inhibited a strong discussion about this shift. 
Furthermore, it is important to remark that there were not observed peaks associated with Cu-based materials 
(JCPDS Card #04-0836).14  
According with TEM micrographs, PdCu/C electrocatalyst revealed semi-spherical morphologies (Fig. 2a). A 
good particle size distribution can be observed as well as a relative good dispersion of the electrocatalyst over the 
carbon support (Fig. 2b). The histogram (Fig. 2c) of PdCu/C exhibited the high presence of particles with sizes of 6 
nm.  
 
Fig. 1 X-ray diffraction patterns for PdCu/C and Pd/C, respectively. 
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PdCu/C electrocatalyst was analyzed by energy dispersive spectroscopy (EDS) (Fig 3) and X-ray fluorescence 
(XRF) to determine their chemical composition (Table 1). EDS analysis was performed on single nanoparticles, 
while the XRF analysis were obtained for a set of nanoparticles. The chemical composition of PdCu/C by EDS 
showed an elemental amount for Pd and Cu of 92% and 8%, respectively. Also, XRF indicated a mass composition 
of 81 and 19% for Pd and Cu, respectively. The composition found in both analyses suggests that Pd and Cu coexist 
in the same particles. 
 
 
Fig. 2 HR-TEM micrograph of PdCu/C nanoparticles, a) particle size and shape, b) particle distribution and histogram. 
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Table 1. Mass and elemental composition of PdCu/C 
Electrocatalyst XRF (% mass Pd-
Cu) 
EDS (% element 
Pd-Cu) 
PdCu/C 81-19 92-8 
 
Fig. 3 HR-TEM micrograph illustrating the Energy Dispersive Spectroscopy (EDS) analysis for several particles. 
3.2. Electrochemical characterization. 
PdCu/C electrocatalyst was evaluated by cyclic voltammetry to identify the electrochemical response in acidic 
(0.5 M H2SO4) and alkaline media (0.3M KOH) and it is shown in Fig 4a and Fig 4b, respectively. 
 
Fig. 4. Electrochemical response of PdCu/C and Pd/C in a) acidic medium (0.5 M H2SO4) and b) alkaline medium (0.3 M KOH). Scan rate: 50 
mV s-1 
Cyclic voltammograms (Fig. 4a and 4b) showed the typical response of Pd-based materials. The hydrogen 
adsorption/desorption region occurred in a range between 0 to 0.2 V vs. NHE. The formation of Pd oxides was 
appear in the range between 0.7 to 1.3 V vs. NHE and the reduction of the Pd oxides occurred in a range between 
0.65 to 0.55 V vs. NHE. The cyclic voltammogram in Fig. 4b shows the electrochemical profile of PdCu/C and Pd/C 
electrocatalysts in alkaline media. In anodic sweep it was observed peaks from -0.1 to 0.3 V vs. NHE associated 
with the formation of Pd oxides and in the cathodic sweep between -0.16 and -0.02 V vs. NHE appear a peak related 
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to the reduction of Pd oxides. In the case of PdCu/C, the region of formation of Pd oxides showed a broad peak 
located at 0.19 V vs. NHE, which could be attributed to the oxidation of both Pd and Cu.17 The cyclic 
voltammograms of PdCu/C and Pd/C in alkaline media were used to calculate the electrochemical active surface 
area (ECSA) to normalize all experiments conducted in the electrochemical cell. The ECSA was determined by 
integrating the charge needed to reduce the Pd oxides formed (Q, units: μC), assuming that a theoretical charge of 
405 μC cm-2 which is required to reduce a full monolayer of Pd oxides18 resulting in values of 7.8025 and 1.323 cm2 
for Pd/ and PdCu/C electrocatalysts, respectively. 
 
Fig. 5 Cyclic voltammograms of PdCu/C and Pd/C for the electrooxidation of a) 3 M ethylene glycol and b) 3 M glycerol using 0.3 M KOH as 
electrolyte. Inset: chronoamperometric curves for PdCu/C and Pd/C at -0.05 V vs. NHE. 
Cyclic voltammograms illustrated in figure 5 showed the electrocatalytic activities of PdCu/C and Pd/C for the 
electro-oxidation of 3 M ethylene glycol (Fig. 5a) and glycerol (Fig. 5b) in alkaline media (0.3M KOH), 
respectively. PdCu/C exhibited better electrocatalytic properties than Pd/C for both fuels in terms of current density 
and stability. For the case of ethylene glycol (Fig. 5a) the peak current density related to the electro-oxidation 
process increased at least 3-fold higher for PdCu/C in comparison with Pd/C. On the other hand, for the case of 
glycerol, PdCu/C exhibited 2-fold higher peak current density than Pd/C. Moreover, chronoamperometry curves 
were done (Fig. 5, inset) to evaluate the stability of both electrocatalyst following the same conditions than those 
used for the electrooxidations through an applied potential of -0.05 V for 30 minutes. In the first seconds, the 
electrocatalysts presented a fast decrease of current density due to the consumption of species on the electric double 
layer 19 followed by a constant current density. This behavior is related to diffusion-controlled processes curves. The 
current density for PdCu/C suffered a lower decay than Pd/C, and also the current was kept in a higher value than 
Pd/C which could be related to a better stability by PdCu/C compared with Pd/C. 
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Fig. 6. Peak current densities for the electro-oxidation of a) ethylene glycol and b) glycerol as function of fuel concentration for PdCu/C and 
Pd/C. 
In figure 6a and 6b are summarized the peak current densities related to the electro-oxidation of ethylene glycol 
and glycerol as function of concentrations for PdCu/C and Pd/C. PdCu/C electrocatalyst showed the highest current 
densities through all concentrations regardless fuels herein reported. The enhancement of the electrocatalytic activity 
of PdCu/C compared with Pd/C could be related with the improvement of both the electronic properties and the 
interaction between noble/transition metals in the PdCu/C electrocatalyst.8, 9, 20 It is important to remark that this 
improvement in the electrocatalytic activity was obtained using a cheap and fully available transition metal such is 
the case of copper. 
4. Conclusions 
PdCu/C was successfully synthesized via chemical reduction method. TEM micrographs with coupled EDS 
showed the presence of semi-spherical nanoparticles with a homogeneous size about 6 nm. XRF analysis 
corroborated the presence of copper showing a metal composition of almost 80-20 % mass rate between Pd and Cu. 
Then, PdCu/C as well as Pd/C were used as electrocatalysts for the electro-oxidations of ethylene glycol and 
glycerol at three concentrations resulting in current densities 3-fold (ethylene glycol) and 2-fold (glycerol) higher for 
PdCu/C electrocatalyst in comparison with commercial Pd/C electrocatalyst. This enhancement resulted from the 
improvement of the electronic properties in the bimetallic Pd-Cu mixture. Also, PdCu/C showed higher stability 
than Pd/C maintaining the 3 and 2-fold higher current density over all the time that the experiment was carried out. 
In summary, the use of one of the less noble metal such as copper allowed not only the use of a lower load of a 
relative expensive Pd metal but also enhanced its electrocatalytic properties.  
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